In order to develop a novel controlled-release material, we previously attempted to impregnate poly(L-lactide) (poly(L-LA)), poly(L-LA-ran-CL) (CL: ε-caprolactone) or poly(L-LA-ran-TEMC) (TEMC: tetramethylene carbonate) with low boiling point, organic useful compounds using supercritical carbon dioxide (scCO2) as the solvent. In this work, the factors influencing impregnation of poly (L-LA) random copolymers with useful compounds were investigated under scCO2 using the copolymers previously used. The influence of temperature, pressure, and time on the impregnation contents of the useful compounds on the copolymers was evaluated. The polymer used, which is a base of this material, was poly(L-LA-ran-CL), poly(L-LA-ran-TEMC), or poly(L-LA-ran-DXO) (DXO: 1,5-dioxepan-2-one). Statistical random copolymers of L-LA with CL, TEMC, or DXO were synthesized using Sn(oct)2 as a catalyst at 150˚C for 24 h without solvent. Preparation of the controlled-release materials was carried out using essential bark oil from Thujopsis dolabrata var. hondae and synthetic L-LA random copolymers as a base material under scCO2. The impregnation experiment, which investigated the influence of pressure, was conducted in the range of 10 to 20 MPa. The influence of temperature on impregnation was carried out at 40˚C to 100˚C. Impregnation time was varied from 1 to 5 h.
Introduction
Prevention of the reproduction and extermination of food poisoning bacteria, inhibition of molds that grow on walls, furniture, and inside buildings, such as houses, museums, etc. and extermination of insect pests and animals on farms or parks is a serious social problem. The control material using an evasion ingredient toward such as microorganism is developed [1] [2] . It is also known that Reticulitermes speratus deteriorates structural lumber, such as pillars of wooden structures. Consequently, structural lumber rots away internally, and eroded wooden structures might collapse if an earthquake occurs. Remedies for these problems are chemical control, physical prevention of growth, extermination, biotic control, etc. The conventional chemical control has the great influence affect environment and living, use of the natural origin compounds with lower load for them is desired. It is also known that essential bark oil from Thujopsis dolabrata var. hondae is highly toxic to Reticulitermes speratus. The oil has the effect of antibacterial, spiritual stabilizing and deodorization other than insect control. From above features, this oil is used for medical treatment, sanitary, agriculture, and food. Since this oil is volatility, there is no durability in an effect. In order to make it volatilize gently, and maintain an effect for a long period of time, it is suitable to the use as a controlled release drug. DDS (drug delivery system) is material with controlled-release and is usually studied as a medical material etc. [3] - [7] .
DDS is using biodegradable polymer as base material, in order to acquire controlled-release. Although DDS preparation technology is suitable for producing a microcapsule by emulsification in polymer and hydrophilic drug, it cannot make a hydrophobic organic compound such as essential oil take into polymer. Generally as for the method of making an organic compound taking into polymer, the immersion method, the mulling method and the solvent dissolution method are used. However, the methods have the following problems.
The immersion method is a method in which porous resin and a narrow tube are made to immerse chemicals, and preparation of porous resin, a fast chemicals release rate, and the uneven release are problems. Also, chemicals release which is volatility is affected by temperature in the method. Although the mulling method can mix high boiling point compounds in polymer, low boiling points which volatilizes at processing temperature cannot be taken in. Moreover, the solvent dissolution method is subject to problems such as volatilization of the agent at the time of solvent removal and the presence of residual organic solvents. A large quantity of solvents will be used for this method, and it is not suitable for industrialization.
In order to solve the above problems, the method of taking efficiently into the polymer material of low boiling points which does not use an organic solvent and selection of the polymer which has the highly efficient release ability replaced with porosity resin are required. In how to take in the polymer, as to suppress volatilization of the low boiling points and the lower of the physical properties of the polymer by heat which is a problem of the mulling method, it decided to apply the processing method using a supercritical fluid (SCF). SCF is known as a solvent which dissolves organic compound and is well studied [8] [9] . On the other hands, in selection of a polymer, since it became important to be low load to environment and spontaneously degraded by external environment factors, such as humidity, biodegradable polymer was picked out. Although many biodegradable polymers have been studied, poly(L-lactide) is used for medical material in them as polymer which has hydrolysis property [10] [11] .
It is well known that supercritical fluid has some unique properties such as liquid-like dissolving capability and transportation properties similar to a gas. CO 2 , a nontoxic fluid with a relatively low critical point (Tc = 31.1˚C, Pc = 7.376 MPa), is most widely used as a supercritical fluid. Supercritical CO 2 (scCO 2 ) called "Green Solvent" has been used in a variety of industries, including plastics, chemical, pharmaceutical, and food. In the plastics industry, scCO 2 has been used for various polymer-processing purposes such as polymer blending [12] [13], polymer foaming [14] [15] , preparation of microcapsules [16] [17] , and additive impregnation [18] [19] . It can be said that the critical point of CO 2 is suitable for processing of polymer.
We have carried out research made to impregnate a volatile compound to biodegradable polymer using CO 2 [20] - [22] . In this work, the experiment made to impregnate essential bark oil from Thujopsis dolabrata var.
hondae to biodegradable random copolymer was conducted under scCO 2 , and impregnation conditions such as pressure, temperature, and process time were studied. Three kinds of copolymers of L-LA with CL (ε-caprolactone) [20] - [24] , TEMC (tetramethylene carbonate) [21] [22] [25] - [27] , or DXO (1,5-dioxepan-2-one) [22] [28] were used in this work.
Experimental

Materials
L-Lactide (L-LA) [(3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione] (Aldrich) was purified by recrystallization from THF followed by sublimation at 80˚C. ε-Caprolactone (CL) (Wako Pure Chem. Ind., Ltd.) was purified by distillation under reduced pressure. Tetramethylene carbonate (TEMC) [1,3-dioxepan-2-one] and 1,5-dioxepan-2-one (DXO) (Tokyo Chemical Industry Co., Ltd.) was purified by recrystallization from THF. Tin 2-ethyl-hexanoate [Sn(oct) 2 ] (Sigma) was used as a catalyst without purification. Methanol and chloroform were purchased from Katayama Chem. Ind. Co., Ltd. Poly(L-lactide) (LACEA H-100) was received as a gift from Mitsui Chemicals, Inc. Essential bark oil from Thujopsis dolabrata var. hondae (essential oil), purchased from Sugiyama Mokuzai K. K. (Aomori, Japan), was used without purification.
Characterization of Polymers
Using chloroform as an eluent, the number-and weight-average molecular weights of the synthetic copolymers were determined by gel permeation chromatography (GPC) using a Hitachi D-2520 chromatograph equipped with Shodex GPC K-802.5 and K-804 columns at 40˚C. The flow rate was 1.0 mL/min. The copolymer was detected with a refractive index detector (RI). The molecular weights were determined with reference to a polystyrene standard.
The thermal characteristics (melting point T m , glass transition point T g , and heat of fusion −ΔH m ) were obtained using a Rigaku Thermo Plus 2/DSC8230 differential scanning calorimeter. Samples were heated at a rate of 10˚C/min from −100˚C to 200˚C in a nitrogen stream. T m and −ΔH m were determined in the first heating and T g in the second heating.
The compositions of L-LA with other cyclic monomers (CL, TEMC, or DXO) were determined by 1 H NMR spectroscopy using a JEOL JNM-ECP 400 MHz spectrometer. The content of essential oil incorporated into the copolymer was also determined by 1 H NMR spectrometry. Chemical shifts were determined relative to residual chloroform at 7.27 ppm.
Synthesis of Poly(L-LA) Random Copolymers
All polymerizations were carried out under an argon atmosphere using standard Schlenk techniques. Cyclic monomer copolymerized with L-LA was used with CL, TEMC, and DXO. Copolymerization of L-LA with CL was performed with Sn(oct) 2 
Incorporation of Essential Bark Oil into Poly(L-LA) Random Copolymers Using scCO2
Poly(L-LA) random copolymers were used in the form of a film (thickness, 100 μm). Films of synthetic copolymers were prepared by the solvent-casting method. Impregnation of poly(L-LA) random copolymers with essential oil was carried out inside a pressure-resistant container made from stainless steel (0.5 L) with stirring (100 rpm) under scCO 2 , using a high-pressure reaction apparatus (MMJ-500, OM Lab-Tech Co., Ltd.) equipped with a non-pulsating flow pump (NP-KX-500, Nihon Seimitsu Kagaku Co., Ltd.). Pressure, temperature, and time were set up arbitrarily. For the effect of pressure in the impregnation experiment, the pressure was varied in the range of 10 to 20 MPa at 40˚C for 3 h. For the effect of temperature, the temperature was varied in the range of 40˚C to 100˚C at 14 MPa pressure for 3 h. For the effect of time, the pressure (14 MPa) and temperature (40˚C) were fixed and the time was varied from 1 to 5 h. After processing, decompression was carried out gradually over 3 h, and then the sample was removed from the container and weighed. Since the sample contained large amounts of CO 2 after impregnation, the content of the essential oil was determined by 1 H NMR spectrometry. The amount present was calculated, which was then used to evaluate the experimental value.
Results and Discussion
Synthesis of Poly(L-LA-Ran-7-Membered Cyclic Monomer)
We previously reported on a study of the impregnation of poly(L-LA-ran-lactone), poly(L-LA-ran-cyclic carbonate), and poly(L-LA-ran-cyclic ester-ether) with d-limonene, hinokitiol, trans-2-hexenal, and α-pinene using supercritical carbon dioxide (scCO 2 ) [20] - [22] . In this work, essential bark oil from Thujopsis dolabrata var. hondae (essential oil) was the compound used for impregnation. In addition, the effects of the polymer structure of the L-LA random copolymers and of the treatment conditions under scCO 2 on impregnation with essential oil were studied. CL, TEMC, and DXO were used as 7-membered cyclic monomer copolymerized with L-LA. The treatment conditions were evaluated about impregnation temperature, pressure, and time.
Copolymerization of L-LA with 7-membered cyclic monomers were carried out using Sn(oct) 2 as a catalyst (3.33 × 10 −2 mol% of monomer) in order to investigate the impregnation. Table 1 lists the results of synthesis of L-LA copolymers at 150˚C for 24 h. Copolymerization of L-LA with CL at a feed ratio of 90/10 gave a number-average molecular weight (M n ) of the 7.1 × 10 4 , and was able to synthesize a polymer of a comparatively higher molecular weight. The obtained copolymer had a composition (91/9) that was almost the same as the feed ratio. Based on DSC measurements, T m , −ΔH m , and T g (thermal properties) of the poly(L-LA-ran-CL) (91/9) were determined to be 152.7˚C, 24.9 J/g, and 48.3˚C, respectively, indicating a higher crystalline polymer. These values decreased as the L-LA content was reduced. In the copolymer of L-LA with CL at a feed ratio of 80/20, poly(L-LA-ran-CL) (83/17) was obtained in 6.8 × 10 4 of M n in an 82.5% yield. Although the copolymer was the same molecular weight as poly(L-LA-ran-CL) (91/9), the thermal properties were lower. The cause for this is considered to be the composition of the copolymer. As a reference, the measured properties of poly (L-LA) (LACEA H-100) are listed in Table 1 . The polymer had a higher molecular weight of 9.0 × 10 4 , and T m and T g were 169.3˚C and 59.6˚C, respectively. In addition, poly (L-LA) was a high crystalline polymer with −ΔH m of 32.0 J/g.
Next, copolymerization of L-LA with TEMC was carried out using Sn(oct) 2 as well as poly(L-LA-ran-CL). The copolymers synthesized at feed ratios of 90/10 and 80/20 were obtained in higher molecular weights, 7.6 × 10 4 and 6.2 × 10 4 of M n , respectively. M n of the copolymer (86/14) synthesized at a catalyst concentration of 5.00 × 10 −2 mol% was lower than one of the copolymer (88/12) synthesized at 3.33 × 10 −2 mol% as poly (L-LA-ran-CL), indicating that it be dependent on the monomer catalyst ratio. Poly(L-LA-ran-TEMC) (88/12) showed T m of 129.0˚C, −ΔH m of 14.6 J/g, and T g of 51.1˚C by DSC measurement. T g was high, although T m and ΔH m were low, compared with the same M n and composition of poly(L-LA-ran-CL). In the synthesis of the conventional L-LA copolymer, there was a tendency for T m and ΔH m to increase with a lower M n with the same composition. In this work, it is assumed that TEMC is a factor affecting the greater reduction of T m and ΔH m of poly(L-LA) than that of CL.
Third, the results of copolymerization of L-LA with DXO at 150˚C for 24 h are shown in Table 1 . The yield and M n of the copolymer, which was synthesized at ratio of 90/10, were 86.7% and 5.1 × 10 4 , respectively, and the copolymer could be obtained with comparatively higher M n at high yield. For DSC measurement, T m and T g of poly(L-LA-ran-DXO) (90/10) were slightly higher than that of poly(L-LA-ran-CL) at almost the same composition. When copolymerization was performed at a catalyst concentration of 5.00 × 10 −2 mol% at a feed ratio of 80/20, the L-LA content in the copolymer fell easier than did the L-LA feed. Although M n of the copolymer (75/25) was the same as that of the 82/18 composition, since the L-LA content was lower, the values of the thermal properties were low.
Effect of Pressure on Impregnation of Poly(L-LA) Random Copolymers with Essential
Oil Extracted from Thujopsis dolabrata var. hondae Using scCO2
In order to consider the effect of the pressure exerted on the essential oil used to impregnate various poly(L-LA) random copolymers under scCO 2 , impregnation was conducted in the range of 10 to 20 MPa at a fixed temperature of 40˚C and time of 3 h. The synthesized poly(L-LA) random copolymers described above were made into film (thickness 100 μm) using the solvent-casting method. The results of impregnation of the oil into poly(L-LA) random copolymers are shown in Figure 1 . Although impregnation of the essential oil into poly(L-LA) was 4.4% at 10 MPa, the oil content increased abruptly with an increase in pressure over 12 MPa, reaching a maximum of 7.4% at 14 MPa. The content decreased over 14 MPa, and was 5.8% at 20 MPa. This shows that the effect of pressure is barely seen over 17 MPa. It is clear that the oil content increases with an increase of CL content in poly(L-LA-ran-CL) in conventional experiments at 20 MPa and 40˚C for 3 h [22] ; the same result was also expected in this work. It is known that the density of scCO 2 increases with the rise of pressure and the solubility of a compound will also increase in connection with it. Although it was expected that the oil content became the maximum at 20MPa, in the experiment, the content was the highest at 14 MPa. In impregnation experiment, although impregnation of the essential oil into polymer is caused, the oil contained in polymer is extracted simultaneously by scCO 2 . Therefore, when pressure is high, it is thought that scCO 2 will give priority to extraction than impregnation. The essential oil content of poly(L-LA-ran-CL) (83/17) was 5.9% at 10 MPa, and was a maximum of 9.2% at 14 MPa. The content decreased with an increase in pressure over 14 MPa, and was 6.1% at 20 MPa. In poly(L-LA-ran-CL) (72/28), the content increased more than in the other copolymers in the pressure region of 10 to 17 MPa. Furthermore, poly(L-LA-ran-CL) (72/28) showed a maximum of 12.8% at 14 MPa. Although the impregnation Figure 1 . Effect of pressure on impregnation of L-LA copolymer films with essential oil using scCO 2 at 40˚C for 3 h. experiment was only conducted at 20 MPa in previous experiments [20] - [22] , in this work, pressure greatly affected the content of essential oil.
The oil content of poly(L-LA-ran-TEMC) at composition 88/12 was higher than that of poly(L-LA); it was 5.4% at 10 MPa. As was also observed in the impregnation experiment of poly(L-LA-ran-CL), the oil content of poly(L-LA-ran-TEMC) (88/12) increased with a rise in pressure, reaching a maximum of 9.7% at 14 MPa. In the pressure range of 10 to 20 MPa, the oil content of poly(L-LA-ran-TEMC) (76/24) was also 12.1% of the maximum at 14 MPa, and was higher than the copolymer (88/12). Although the impregnation curve of the copolymer (76/24) was similar with that of poly(L-LA) or the copolymer (88/12), it differed from the curve of poly (L-LA-ran-CL). Poly(L-LA-ran-TEMC) (76/24) dissolved slightly by processing for 3 h at 40˚C regardless of pressure. The cause is thought to be that T m and ΔH m of poly(L-LA-ran-TEMC) are lower than that of poly (L-LA-ran-CL). In a previous study, it has reported that T m and ΔH m affect the maintenance of form and content [21] [22] . The above results showed that the differences in oil content in poly(L-LA-ran-CL) and poly(L-LA-ran-TEMC) resulted from the effect of pressure.
In the impregnation of poly(L-LA-ran-DXO), the oil content of copolymer at composition 82/18 was lower than that of poly(L-LA) in all pressure regions. Although the content of the copolymer (82/18) showed a maximum of 7.0% at 14 MPa and was lower with 4.0% at 10 MPa, it had the lowest value among the three kinds of copolymers used. The impregnation curve of poly(L-LA-ran-DXO) resembled that of poly(L-LA) or poly(L-LA-ran-TEMC). Furthermore, the result was that the content in the three kinds of copolymers with L-LA reached maximum at 14 MPa in the incorporation of the oil into the used copolymers under scCO 2 .
In the relation of content and pressure, in order to discuss what kind of influence scCO 2 has had on the physical properties of copolymer, a molecular weight and the thermal characteristic were measured for every different pressure. The following copolymer was used in this experiment. ]. First, it experimented about the influence pressure has on a molecular weight ( Figure  2) . The "before" in Figure or sentence indicates the physical properties of polymer without treatment using scCO 2 . When poly(L-LA-ran-CL) (82/18) was processed at 10 MPa and 40˚C for 3 h under scCO 2 without essential oil, the M n of the copolymer was same as processing before. However, at 14 MPa, the M n was the highest and was 4.3 × 10 4 . The M n at 20 MPa was decreasing rather than the value before processing. The same tendency was shown, and other copolymers were the highest at 14 MPa, and the lowest at 20 MPa. From the above result, the polymer chains of lower molecular weight are extracted by the extraction effect of scCO 2 , and the effect resulted in increase of the molecular weight of the copolymer. As mentioned above, pressure and density have a close relation, and the extraction effect becomes higher when pressure is high. Several authors have investigated the extraction and purification of lipid compounds, such as triacylglycerols, free fatty acids, and sterols, using scCO 2 [29] - [33] . It is anticipated that lower molecular weight polymer chains are extracted properly at 14 MPa, and it seems that the oil which dissolved in the scCO 2 effectively replace shorter polymer chains, and is impregnated. Next, the influence the thermal characteristic of polymer has on the content was studied. The result of the relation between the thermal characteristic (T m and ΔH m ) and pressure is shown in Figure 3 . Although the T m of three kinds of copolymers processed with scCO 2 became high with the increase of pressure rather than processing before, change was hardly seen over 14 MPa. In the heat of fusion, although poly(L-LA-ran-TEMC) (79/21) was amorphous polymer in which the melting point does not exist, the T m was confirmed after scCO 2 processing and the ΔH m increased with the increase in pressure. Although poly(L-LA-ran-CL) (82/18) was the almost same tendency, T m and ΔH m did not have a big change below 14 MPa. On the other hand, although the heat of fusion of poly(L-LA-ran-DXO) (83/17) was increased like poly (L-LA-ran-TEMC) below 14 MPa, it decreased at 20 MPa. It became clear that the ΔH m differs in the amount of change by one's magnitude and the composition element of the copolymer after scCO 2 processing.
The relation between T g obtained by the second heating and pressure is shown in Figure 4 . T g of all the L-LA copolymers was the tendency to rise rather than processing before, and T g rose with the increase in pressure further. T g of poly(L-LA-ran-CL) (82/18) and poly(L-LA-ran-DXO) (83/17) was hardly changed before and after processing using scCO 2 as well as change of T m and ΔH m . However, T g of poly(L-LA-ran-TEMC) (79/21) is increased dramatically after processing and it is greatly related to the appearance (Figure 3) of T m . From above results, it is thought that scCO 2 is a factor which induces the rearrangement of a polymer chain, and is increased the crystalline domain of the L-LA copolymer. The ΔH m of the L-LA copolymersat each pressure was the following order; poly(L-LA-ran-DXO) > poly(L-LA-ran-CL) > poly(L-LA-ran-TEMC). This order appeared to be similar to the impregnation of oil. Although the oil uptake is greatly dependent on crystallinity, it is thought by higher pressure that solubility has also influenced. Since the density of scCO 2 is in the tendency to rise with pressure increase, the solubility of polymer or oil is also considered as a factor of impregnation.
Effect of Processing Time on Impregnation of Poly(L-LA) Random Copolymers with Essential Oil Using scCO2
The effect of processing time on content was considered in the impregnation experiment of the essential oil in various copolymers with L-LA. Figure 5 shows the impregnation experiment for 1 to 5 h of processing time at 14 MPa and 40˚C. Although the content in poly(L-LA) was 4.0% for 1 h, the content increased to 7.4% for 3 h. It was expected that content would increase through the extension of additional time. However, after 5 h, the content barely changed and was 7.0%. The impregnation curve to time for copolymer composition 83/17 or 72/28 was the same as that of poly(L-LA). The copolymer with composition 83/17 or 72/28 showed maximum content for 3 h, and was 9.2% and 11.5%, respectively. With prolonged processing, the physical properties such as the thermal characteristics changed, so that it was thought that the oil content also changed. Next, changes of thermal characteristics were observed, and their effect on content was considered. Although T m and -ΔH m of poly(L-LA) were 169.3˚C and 32.0 J/g before processing, respectively, T m and −ΔH m decreased with an extension of processing time and were 166.7˚C and 27.1 J/g, respectively, for 3 h. T m (166.0˚C) of the [34] . In our pre-vious report, in order to evaluate the relationship between T m or ΔH m and content, we synthesized various L-LA copolymers with different T m and ΔH m , and investigated the difference in content [21] [22] . In the previous work, it appeared that the content of poly(L-LA-ran-TEMC) (81/19) (T m 97.9˚C and -ΔH m 5.1 J/g), which was lower than T m and -ΔH m (157.0˚C and 36.0 J/g) of poly(L-LA-ran-CL) (85/15), was higher than that of poly(L-LAran-CL).
After processing for 3 h, the contents of all poly(L-LA-ran-TEMC)s increased more than the value for 1 h; it was 12.1% for composition 76/24. The content for 5 h was almost the same as for 3 h in all poly (L-LA-ran-TEMC)s. As with poly(L-LA-ran-CL), the impregnation of oil into poly(L-LA-ran-TEMC) by scCO 2 reached its maximum for 3 h. Poly(L-LA-ran-TEMC) (73/27) showed content lower than the other copolymers at same composition; it was 9.1% for 3 h. Although the content in poly(L-LA-ran-DXO) increased for the first 3 h as did the other two kinds of copolymers, the content was almost the same over 3 h. From the above results, it was understood that impregnation into poly(L-LA) copolymers of refined oil for 3 h is the optimum under scCO 2 (40˚C, 14 MPa).
Effect of Temperature on Impregnation of Poly(L-LA) Random Copolymers with Essential Oil Using scCO2
The effect of processing temperature on impregnation was considered. Pressure and time were 14 MPa and 3 h, respectively, which were the optimal conditions in the above-described experiment. The impregnation experiment was conducted at 40˚C, 60˚C, 80˚C, or 100˚C. Oil impregnation into the poly(L-LA) copolymers was performed using the same method as above. The effect of temperature on oil impregnation into poly(L-LA) copolymers is shown in Figure 6 . The horizontal axis expresses temperature and the vertical axis expresses the content of the essential oil. Although the content in poly(L-LA) was 7.4% at 40˚C, it increased to 14.2% at 100˚C with an increase in temperature. The content of the oil for poly(L-LA-ran-CL) (83/17) was 8.3% at 40˚C, the log of the content increased proportionally to temperature, reaching 37.5% at 100˚C. The temperature and the content of poly(L-LA-ran-CL) (72/28), which is distinct from poly(L-LA-ran-CL) (83/17), were proportionality related in the range of 40˚C to 100˚C, and showed 40.2% of maximum at 100˚C. In poly(L-LA-ran-TEMC) (86/14), the content was 9.7% at 40˚C and it increased with an increase in temperature; it was 37.7% at 100˚C. Poly(L-LA-ran-TEMC) (76/24) showed the same impregnation curve as did poly(L-LA-ran-TEMC) (86/14) and the content increased with an increase in temperature. At 80˚C, the impregnated content in poly(L-LA-ran-TEMC) increased more rapidly than did that in poly(L-LA-ran-CL). This is because T m and ΔH m of poly(L-LA-ran-TEMC) are lower at the same composition than for poly(L-LA-ran-CL).
Although the impregnated content in poly(L-LA-ran-DXO) (82/18) was slightly lower than poly(L-LA-ran-CL) (83/17) in all the temperature ranges, it was the almost same tendency. Since T m and T g of both copolymers have similar values for the same composition, it is thought that the content relative to temperature similarly change. The difference of the content of both copolymers would be attributable to T m and ΔH m . Although the Figure 6 . Effect of temperature on impregnation of L-LA copolymer film with essential oil using scCO 2 at 40˚C for 3 h. content of poly(L-LA-ran-DXO) (75/25) was 7.2% at 40˚C, it increased rapidly over 60˚C and was 43.0% at 100˚C. The impregnation curve of poly(L-LA-ran-DXO) was similar to the shape of that of poly(L-LA-ran-TEMC), showing that temperature affects content in a similar way. Since T m (119.3˚C) and T g (25.4˚C) of this copolymer is similar to the values (T m of 107.4˚C, T g of 28.4˚C) of poly(L-LA-ran-TEMC) (76/24), as described above, it is thought that the effect of temperature on content is dependent on T m and T g of the polymer.
In order to investigate the influence of the temperature of the physical properties of the copolymers under scCO 2 , the molecular weight and the thermal characteristic were studied at the range from 40˚C to 80˚C. The copolymers of about 80% of L-LA content were used for the experiment. The experiments are under scCO 2 at 14 MPa for 3 h without the oil. Figure 7 shows change of a molecular weight. Although the molecular weight of three kinds of copolymers increased by abbreviation 0.15 × 10 4 by processing at 40˚C rather than processing before, that over 60˚C became lower than processing before inversely. This is considered that the low fragment of the molecular weight was removed by the extraction effect of scCO 2 at a lower temperature, the increase in a molecular weight took place as a result, and transesterification or cleavage around terminal in main chain was induced rather than the extraction effect over 60˚C. Figure 8 shows change of T m and ΔH m for which it determined by first heating of DSC measurement. By scCO 2 processing, although T m and ΔH m of the copolymers were an upward tendency until 60˚C, they decreased at 80˚C. Therefore, it was found that crystallinity becomes the highest by processing at 60˚C and 14 MPa. Furthermore, although poly(L-LA-ran-DXO) (79/21) was noncrystalline polymer without the melting point, it changed to crystalline polymer with the melting point by scCO 2 processing. The appearance of a crystalline domain is considered that the rearrangement of a polymer chain is the cause. Change of the glass transition point in the thermal characteristic is shown in Figure 9 . As well as change of a molecular weight (Figure 7) , T g of all the copolymers became higher than processing before by processing at 40˚C and 14 MPa, and the highest value was shown. Among them, T g of poly(L-LA-ran-DXO) (79/21) went up by 5.2˚C. This is considered that the rearrangement of a polymer chain has influenced greatly as the occurrence of T m (Figure 8) . However, it can assume that T g of these copolymers is falling in with temperature rise as M n , and is closely connected with the molecular weight. From the above result, the increase in the oil content with temperature rise is considered that plasticization of a copolymer has influenced greatly rather than the change in physical properties of a copolymer.
Conclusions
In this work, the factors influencing the impregnation of poly(L-LA) random copolymers with useful compounds were investigated under scCO 2 using copolymers previously used. The effects of temperature, pressure, and time on the contents of useful compounds into copolymers were investigated. The polymer that was used as a base of this material was poly(L-LA-ran-CL), poly(L-LA-ran-TEMC), or poly(L-LA-ran-DXO). In the effect of pressure on impregnation using poly(L-LA-ran-CL), although oil impregnation into poly(L-LA) was 4.4% at 10 MPa, the oil content abruptly increased with an increase in pressure over 12 MPa, reaching a maximum of 7.4% at 14 MPa. Similarly, the essential oil content of other poly (L-LA-ran-CL)s showed a maximum value at 14 MPa. In the conventional experiment, although impregnation was only conducted at a pressure of 20 MPa, it turned out that pressure greatly affects the incorporation of essential oil. In the impregnation experiment with poly(L-LA-ran-CL), it was thought that the content would be highest at 14 MPa. The oil content of poly(L-LAran-TEMC) (88/12) increased with increased pressure and was 9.7% of maximum at 14 MPa. Although the content of poly(L-LA-ran-CL) increased in proportion to pressure, the content of poly(L-LA-ran-TEMC) showed an abrupt increase in the range of 13 to 14 MPa. The contents of poly(L-LA-ran-DXO) exhibited a large change as well as the copolymers of other kinds at around 14 MPa, but the content was almost the same below 12 MPa or over 17 MPa. The results were that the content of the three kinds of copolymers with L-LA reached a maximum at 14 MPa in the impregnation of copolymers with refined oil extracted from Thujopsis dolabrata var. hondae under scCO 2 . Since the density of scCO 2 rose with the increase in pressure, it was expected that the solubility to scCO 2 of an organic compound also rose with the increase in pressure, but the content of oil was the maximum at 14 MPa. Therefore, it is considered that the physical properties of polymer have affected impregnation rather than the solubility of oil.
The effect of processing time the content was considered in the oil impregnation of various copolymers with L-LA. Although the content in poly(L-LA) was 4.0% for 1 h, it increased to 7.4% for 3 h. It was expected that content would increase with elongation of time. However, content barely changed; it was 7.0% for 5 h. Other the poly (L-LA) copolymers were the same results. Since the oil remained in the reaction container after 5 h, it is suggested that the oil was saturated within polymer for 3 h. From the results of pressure and time, incorporation of oil can be said for the physical properties of polymer to have influenced. The effect of processing temperature on impregnation was considered. Impregnation experiments were conducted at 40˚C, 60˚C, 80˚C, and 100˚C. Although the content in poly(L-LA) was 7.4% at 40˚C, it increased to 14.2% at 100˚C. The content in poly(L-LA-ran-CL) (83/17) was 8.3% at 40˚C. Temperature and content were proportionately related up to 80˚C but the content increased abruptly at 100˚C, reaching 37.5%. The content in other poly(L-LA-ran-CL)s also increased with an increase in temperature. This experiment proved that the content could be increased by increasing the temperature. Poly(L-LA-ran-TEMC) (86/14) was 9.7% of content at 40˚C, The content increased with an increase in temperature and was 37.7% at 100˚C. Poly(L-LA-ran-TEMC) (76/24) showed the same impregnation curve as did poly(L-LA-ran-TEMC) (86/14), meaning the content increased with an increase in temperature. The content in poly(L-LA-ran-TEMC) increased more rapidly than did that in poly(L-LA-ran-CL) at 80˚C. The reason for this is that T m and ΔH m of poly(L-LA-ran-TEMC) are lower for the same composition than that of poly(L-LA-ran-CL).
The content in poly(L-LA-ran-DXO) (82/18) was almost the same as that in poly(L-LA) at 40˚C and 60˚C, but it increased drastically over 80˚C. The impregnation curves of poly(L-LA-ran-DXO) (82/18) were the same shape as those of poly(L-LA-ran-CL) (83/17). Since T m and T g of both copolymers have similar values for the same composition, the changes of content related to temperature were gave similarly. Although the oil content was increase with an increase of temperature, the content was different from the changes of T m and ΔH m against temperature. On the other hands, the increase of the content corresponds to the change of T g , fluidization of polymer with the rise of temperature is a consequence of the content increased. When these copolymers at the same composition were compared, the content of poly(L-LA-ran-CL) showed a value higher than did that of poly(L-LA-ran-DXO). ΔH m (36.7 J/g) of poly(L-LA-ran-DXO) (90/10) is higher than is that (28.6 J/g) of poly(L-LA-ran-CL) (88/12). This shows that the crystallinity of poly(L-LA-ran-DXO) is high. From the results obtained we concluded that that crystallinity becomes high has suppressed impregnation to the copolymers of oil, and impregnation did not increase at higher pressure or longer processing time. On the other hand, M n of used poly(L-LA) copolymers was almost changeless to all the parameters (pressure, time, and temperature) by scCO 2 treatment. Therefore, it was shown that the thermal properties of the polymer would be affected the incorporation of oil into the polymer.
